Rationale: Nuclear factor (NF)-kB is a prominent proinflammatory transcription factor that plays a critical role in allergic airway disease. Previous studies demonstrated that inhibition of NF-kB in airway epithelium causes attenuation of allergic inflammation. Objectives: We sought to determine if selective activation of NF-kB within the airway epithelium in the absence of other agonists is sufficient to cause allergic airway disease. Methods: A transgenic mouse expressing a doxycycline (Dox)-inducible, constitutively active (CA) version of inhibitor of kB (IkB) kinase-b (IKKb) under transcriptional control of the rat CC10 promoter, was generated. Measurements and Main Results: After administration of Dox, expression of the CA-IKKb transgene induced the nuclear translocation of RelA in airway epithelium. IKKb-triggered activation of NF-kB led to an increased content of neutrophils and lymphocytes, and concomitant production of proinflammatory mediators, responses that were not observed in transgenic mice not receiving Dox, or in transgenenegative littermate control animals fed Dox. Unexpectedly, expression of the IKKb transgene in airway epithelium was sufficient to cause airway hyperresponsiveness and smooth muscle thickening in absence of an antigen sensitization and challenge regimen, the presence of eosinophils, or the induction of mucus metaplasia.
Allergic airway disease is characterized by eosinophilic inflammation and airway remodeling, which can induce mucus metaplasia, alterations in smooth muscle and blood vessel compartments, extracellular matrix deposition, and airway hyperresponsiveness (AHR) to inhaled bronchoconstricting agonists. The airway epithelium has also been suggested to play a causal role in initiating inflammation after exposure to antigen.
One critical regulator of inflammatory and immune processes is the transcription factor, nuclear factor (NF)-kB. NF-kB plays a causal role in the secretion of proinflammatory mediators from pulmonary epithelial cells exposed to various insults (1) (2) (3) . NF-kB is sequestered in the cytoplasm through binding to inhibitor of kB protein (IkB) a. Phosphorylation of IkBa on serines 32 and 36 by the IkB kinase (IKK) signalsome leads to the ubiquitination and degradation IkBa, leading to the nuclear localization NF-kB, and enhanced transcriptional activation of NF-kB-controlled target genes (4) . IKK exists as a complex consisting of three proteins: IKKa, IKKb, and IKKg. IKKa and IKKb contain enzymatic activity, whereas IKKg is a regulatory component of the signalsome that regulates protein-protein interactions. In the canonical pathway of NF-kB activation, which is activated by a wide array of stimuli, such as TNF-a, Tcell receptors, and Toll-like receptors, IKKb induces phosphorylation of IkBa, leading to transcriptional regulation of NF-kB target genes controlled by RelA/p50 dimeric complexes (4) .
NF-kB has been widely implicated in the pathogenesis of asthma, and evidence for activation of NF-kB in bronchiolar epithelium is present in animal models of allergic airways disease (5), as well as in patients with asthma (6, 7) . Furthermore, mice deficient in the NF-kB family member, c-Rel, or p50, have decreased pulmonary inflammation and AHR in a model of allergic airway disease (8) (9) (10) . Through the use of transgenic mice and conditional ablation strategies, we and others recently demonstrated that activation of NF-kB within airway epithelium is necessary to induce airway inflammation after sensitization and challenge with ovalbumin (OVA) (11, 12) . Although the aforementioned studies demonstrate that activation of NF-kB plays a causal role in allergic disease in mice, they did not address whether activation of NF-kB within airway epithelium is sufficient to drive allergic airway disease independent of other stimuli. Therefore, the goal of the present study was to create a transgenic mouse model in which activation of the canonical NF-kB pathway within the airway epithelial compartment is inducibly regulated, in order to determine its contribution to features of allergic airway disease. Transgenic mice in which a constitutively active (CA) version of IKKb (CA-IKKb) is expressed under the control of the CC10 promoter and the tetracycline operon (TetOP) were generated in order to activate the canonical NFkB pathway within airway epithelium in response to administration of doxycycline (Dox). Some of these studies have been previously reported in the form of an abstract (13) .
METHODS
Detailed descriptions of all procedures are available in the online supplement.
Generation of CC10-Tetracycline-inducible CA-IKKb-Transgenic Mouse
Two independent lines (33 and 50) of bitransgenic mice expressing CC10-M2-hGHpA, and TetOP-CA-IKKb constructs were generated in order to induce expression of CA-IKKb in bronchiolar epithelium after administration of Dox. Mice were backcrossed for at least five generations into C57BL/6J mice, and transgene-negative (wild-type [WT]) littermates were used as control animals. The Institutional Animal Care and Use Committee at the University of Vermont gave approval for all studies.
Culture of Primary Mouse Tracheal Epithelial Cells
Primary mouse tracheal epithelial (MTE) cells were isolated from CA-IKKb-positive mice and littermate control animals, as described elsewhere (14) . MTE cells were evaluated under submerged culture conditions.
Analysis of Transgene Expression
RNA from whole lung was extracted and reverse transcribed and polymerase chain reaction (PCR) analysis for CA-IKKb cDNA expression performed with the forward primer used in genomic analysis and an hGHpA intron-spanning reverse primer, GAGCAGGCCAAAA GCCAGGA.
Bronchoalveolar lavage (BAL) fluid was immediately collected, and cell counts evaluated, as described previously (11, 15) .
Histological and Immunofluorescence Analysis
After killing and BAL, lungs were fixed with 4% paraformaldehyde for the generation of paraffin sections and hematoxylin and eosin staining to evaluate histopathology (15) . For evaluation of nuclear localization of RelA, frozen lung sections were prepared, or MTE cells were fixed, stained (15) , and analyzed by confocal microscopy. To evaluate smooth muscle changes, sections were stained with an a-smooth muscle actin (SMA) antibody (Sigma, St. Louis, MO). Three images of large airways and three images of small bronchioles of similar dimension were obtained from each mouse, from four mice per treatment group. Images were blinded and ranked at a scale from 1 to 4: 1, no or minimal reactivity; 2, minimal to modest thickening; 3, moderate thickening; Figure 1 . Constitutively active (CA) inhibitor of kB (IkB) kinase (IKK) b transgene expression in airway epithelium is inducible after doxycycline (Dox) administration. (A) Polymerase chain reaction (PCR) analysis of CA-IKKb cDNA induction: cDNA was generated from wild-type (WT) and CA-IKKb mice from two independent lines given Dox for 7 days, and transgene expression was assessed by PCR. b-Actin mRNA levels were evaluated as a loading control; (lower panel) cDNA was generated from the heart, thymus, kidney, spleen, liver, and uterus of a CA-IKKb mouse receiving Dox for 1 week, and CA-IKKb expression was determined by PCR. Irrelevant lanes were cut from the gel. (B) Evaluation of IKKb and serine 536 phosphorylated RelA (P536 RelA) levels in lung homogenates from control or CA-IKKb mice in the presence or absence of Dox feeding for 1 week. Two independent samples from WT or CA-IKKb groups (without Dox) were evaluated, whereas four independent samples from WT or CA-IKKb mice that received Dox were processed. Gels were run and reprobed for b-actin as a loading control. Note that the lack of detection of endogenous IKKb in the control groups is due to the short exposure time that is necessitated to visualize IKKb in the CA-IKKb-expressing mice. (C) Lung sections from WT and CA-IKKb mice that received Dox for 3 days or fed regular chow were assessed for immunolocalization of RelA using confocal laser scanning microscopy. Nuclei were visualized with Sytox (green) and RelA was visualized using a Cy3-conjugated secondary antibody (red). Nuclear localization is indicated by overlap of fluorophores, resulting in a yellow color. Original magnification, 3200; inset: enlargement of bronchiolar epithelial region. and 4, severe thickening. Images were scored by four independent investigators that were blinded to the study.
Analysis of NF-kB-driven Inflammatory Genes cDNA was synthesized from MTE cells or pulverized lung tissue and expression of keratinocyte-derived chemokine (KC), macrophage inflammatory protein (MIP)-2, and CCL20 mRNAs were quantified by real-time TaqMan PCR. Cytokine levels in the BAL fluid or cell culture media were assessed by a 23-cytokine Bioplex assay (Bio-Rad, Hercules, CA).
Model of Allergic Airway Disease
Allergic airway inflammation was induced as previously reported (5) . Mice were injected intraperitoneally with 40 mg of OVA plus Alum on Days 1 and 7. WT or CA-IKKb-transgenic mice were given Dox starting on Day 7 and continuing until being killed. Mice were subjected to aerosolized 1% OVA in sterile phosphate-buffered saline (PBS) for 30 minutes on Days 14-16, and killed 2 days after the final OVA challenge.
Respiratory Mechanics and Determination of AHR
Anesthetized mice were mechanically ventilated for assessment of respiratory mechanics using the forced oscillation technique as previously described (16, 17) ( flexiVent; SCIREQ, Inc., Montreal, PQ, Canada).
Statistical Analyses
All experiments were repeated at least once. Data are presented as mean value (6SEM), and were subjected to analysis of variance or Student's t test, where appropriate. Analyses with resultant P , 0.05 were determined significant, except where noted.
RESULTS

Characterization of Dox-inducible CC10-CA-IKKb-Transgenic Mice
To examine whether activation of the canonical NF-kB pathway in airway epithelium is sufficient to induce features associated with allergic airway disease, bitransgenic mice were generated in which CA-IKKb, SS171/181EE, was expressed under the control of the TetOP, and expression was targeted to nonciliated airway epithelial cells using the rat CC10 promoter to express the tetracycline transactivator-M2 (11, 18, 19) . Two lines of CC10-Tet-inducible CA-IKKb (CA-IKKb) mice (33, 50) were further characterized. Both lines had similar levels of TetOP-CAIKKb and CC10-r-tetracycline transactivator transgene integration, as determined by slot blot analysis (data not shown). To determine inducibility of the CA-IKKb transgene, mice were fed Dox-containing chow and cDNA was synthesized from whole lung RNA. Through the use of an hGH pA-intronspanning reverse primer, we differentiated between genomic and mRNA expression of CA-IKKb. As shown in Figure 1A , administration of Dox for 7 days induced CA-IKKb mRNA in transgene-positive animals. In the absence of Dox, no detectable CA-IKKb mRNA was apparent within the lung. To ensure that the transgene was being induced specifically in the lung, Figure 2 . Primary tracheal epithelial cells isolated from CA-IKKbtransgenic mice demonstrate induction of the CA-IKKb transgene, nuclear factor (NF)-kB nuclear localization, and production of proinflammatory cytokines. (A) cDNA was generated from primary tracheal epithelial cell cultures from CA-IKKb and wild-type (WT) mice. Cultures were treated with 10 mg/ml of doxycycline (Dox) and harvested at 1, 2, 4, 24, and 48 hours. Transgene expression was assessed as described in Figure 1 . (B) Primary epithelial cell cultures from WT and CC10-CAIKKb mice were treated with 10 mg/ml of Dox for 24 hours and RelA nuclear localization was determined by confocal laser scanning microscopy. Nuclei were visualized with Sytox (green) and RelA was visualized using a Cy3-conjugated secondary antibody (red). Nuclear localization is indicated by overlap of fluorophores, resulting in a yellow color. Original magnification, 3200. Levels of eotaxin, IFN-g, IL-1b, -2, -4, -9, -10, -12p40, -12p70, -13, and -17, KC, monocyte chemoattractant protein-1, macrophage inflammatory protein-1a and -1b, and tumor necrosis factor-a were not different between any of the experimental groups (data not shown). Values presented are means 6 SEM.
* Significance (P , 0.05) when compared to wild-type mice.
cDNA was generated from lung, heart, thymus, liver, spleen, kidney, and uterus from a transgene-positive mouse administered Dox for 1 week. As demonstrated in Figure 1A (lower panel), mRNA expression of CA-IKKb was only detected in the lung. These data demonstrate that Dox induced expression of CA-IKKb mRNA using the tet-on (tetracycline-responsive) expression system, and that the expression of the transgene was specific to the lung. Furthermore, expression of the CA-IKKb resulted in marked increases in content of IKKb protein in lung homogenates, whereas no IKKb protein was detected in CAIKKb-transgenic mice that did not receive Dox or in the other control groups, because levels of endogenous IKKb were below the level of detection ( Figure 1B , upper panel, and data not shown). Serine 536 of RelA is a direct target of phosphorylation by IKKb and is required for transactivation of NF-kB-dependent genes (20) . We therefore assessed phosphorylation of RelA at serine 536, the target of IKKb in lung homogenates. Results in Figure 1B (lower panel) demonstrate increases in levels of phosphorylated RelA in CA-IKKb-transgenic mice that received Dox, whereas no clear differences were apparent in any of the other groups. Nuclear localization of the transcriptionally active NF-kB subunit, RelA, is a hallmark of activation of the canonical pathway. To determine if induction of CC10-CAIKKb led to NF-kB nuclear localization in airway epithelium, transgene-negative WT littermate control mice and CA-IKKbtransgenic mice received Dox for 3 days and RelA nuclear localization was determined by immunofluorescence and confocal microscopy. As seen in Figure 1C , CA-IKKb mice that received Dox displayed marked RelA nuclear localization, predominantly in the airway epithelium, whereas no nuclear translocation of RelA was observed in CA-IKKb-transgenic mice not receiving Dox, or in WT mice that received Dox. To verify expression of the CA-IKKb transgene specifically in proximal airway epithelium, primary tracheal epithelial cell cultures were established from CA-IKKb mice or WT littermates, because the CC10 promoter is expressed in tracheal epithelial cells (21) . In response to in vitro treatment with Dox, CA-IKKb mRNA expression increased in MTE (Figure 2A ). In comparison with WT cells, nuclear presence of RelA was already apparent in MTE cultures derived from CA-IKKb mice, in the absence of Dox, although Dox administration led to additional increases of nuclear RelA ( Figure 2B ). Evaluation of NF-kB-dependent cytokines in the culture medium of MTE cells derived from CA-IKKb or WT mice demonstrated that marked increases in IL-3, IL-6, granulocyte colony-stimulating factor, granulocyte-macrophage colony-stimulating factor, and regulated upon activation, normal T-cell expressed and secreted (RANTES) occurred in CA-IKKb-transgenic cells. As seen in Table 1 , increases in levels of these cytokines in CA-IKKb cells compared with WT cells occurred in the absence of Dox, which only effectuated marginal additional increases. These data are consistent with the observed expression of IKKb ( Figure 2A ) and nuclear RelA ( Figure 2B ) under these conditions, and indicate apparent leakiness of the Tet-on system in the culture model, or presence of Dox derivatives in the cell culture medium.
CA-IKKb Transgene Expression Is Sufficient to Cause Airway Inflammation
We next addressed the impact of selective activation of the canonical NF-kB pathway in airway epithelial cells in the inflammatory process. CA-IKKb mice that received Dox for 3 days, 7 days, or 1 month exhibited increases in total cell counts recovered from BAL fluid ( Figure 3A ) as compared with WT littermates receiving Dox, or CA-IKKb mice not receiving Dox. Differential cell counts revealed that transgene activation led to increases in macrophages, neutrophils, and lymphocytes in CAIKKb mice ( Figure 3B ). Levels of neutrophils were highest after 3 days of Dox, whereas lymphocyte levels were highest after 1 month. No eosinophils were observed in BAL fluid at any of the time points evaluated ( Figure 2C ). The observed inflammatory responses were greater in transgene line 33 compared with line 50 (Figures 3A and 3B ) Evaluation of lung histopathology revealed peribronchiolar inflammation in both lines of CA-IKKb-transgenic mice that received Dox, in association with apparent thickening of the bronchiolar epithelium ( Figure 3C ), whereas no overt histological changes were apparent in CA-IKKb mice not fed Dox or in WT littermate control animals receiving Dox.
Expression of NF-kB-driven proinflammatory genes in lung tissue was evaluated by performing real-time PCR analysis on cDNA generated from lung homogenates. Figure 4 demonstrates that the mRNA levels of MIP-2 and KC, which are important in neutrophil recruitment, and CCL20, a dendritic cell and T cell chemoattractant, were significantly increased in lung tissue of CA-IKKb mice that received Dox. Increases in levels of KC and granulocyte colony-stimulating factor were also detectable in BAL fluid from CA-IKKb mice in response to administration of Dox ( Table 2 ). Note that Dox administration to WT mice, or lack of Dox administration to CA-IKKb mice, did not result in increased expression or production of proinflammatory mediators. Collectively, these findings demonstrate that Dox-dependent expression of the CA-IKKb transgene construct in airway epithelium leads to NF-kB activation, expression of NF-kBdependent proinflammatory mediators, and an inflammatory process characterized by macrophages, neutrophils, and lymphocytes.
CA-IKKb Transgene Expression Leads to AHR
We addressed the impact of NF-kB activation in airway epithelium on AHR, a cardinal feature of allergic airways disease. CA-IKKb mice were given Dox for 1 week before the assessment of various parameters of airway mechanics at baseline or after ascending doses of inhaled methacholine (Mch) (16) .
Results in Figure 5 demonstrate that CA-IKKb-transgenic mice that received Dox for 1 week displayed no differences in base- Figure 4 . CA-IKKb activation leads to the increased expression of proinflammatory genes. cDNA was prepared from lung homogenates from wild-type (WT) and CA-IKKb mice given doxycycline (Dox) for 7 days or 1 month for assessment of mRNA expression of inflammatory genes by quantitative real-time polymerase chain reaction. On average, three mice were included per group per time point, with the exception of the group of CA-IKKb-transgenic mice receiving Dox, which contained seven mice/group per time point. Cytokines were assessed by Bioplex analysis. IFN-g, macrophage inflammatory protein (MIP)-1a, IL-2, -3, and -4 were nondetectable, and eotaxin, IL-10, -12p70, -13, -17, -1a, -1b, -5, -6, and -9, MIP-1b, and tumor necrosis factor-a were not different between any of the experimental groups (data not shown). Values presented are means 6 SEM.
* Significance (P , 0.05) when compared to wild-type and CA-IKKb mice not receiving Dox.
line (PBS) mechanics when evaluating Newtonian resistance (Rn), airflow heterogeneity/tissue elastance (G), or airway closure/elastance (H) in comparison with WT mice that received Dox, or CA-IKKb mice not administered Dox. However, after induction of the CA-IKKb transgene for 1 week, increases in the parameters Rn and G were apparent at doses of 3.125 and 12.5 mg/ml of Mch in comparison with the control groups, whereas no differences were observed in H, indicating that hyperresponsiveness was localized to the central airways, consistent with the location of expression of the transgene and activation of NF-kB.
Airway Epithelial NF-kB Activation Enhances OVA-induced Allergic Airway Disease
A role for NF-kB in eliciting the inflammatory response to allergen challenge has been demonstrated in mice incapable of activating NF-kB in the epithelium of the proximal airways (11, 12). Therefore, we sought to determine the contribution of airway epithelial NF-kB to the development of allergic airways disease during challenge with OVA. CA-IKKb and WT littermate control animals were immunized with OVA on Day 1 and, after the second OVA sensitization (Day 7), Dox was administered until harvest (Day 18). In mice subjected to OVA sensitization and challenge, total cell counts were not further increased in CA-IKKb transgene-expressing mice ( Figure 6A ). However CA-IKKb mice that received Dox displayed an increase in the proportion of neutrophils in BAL compared with WT mice (Figure 6A ). Interestingly, CA-IKKb mice receiving Dox demonstrated a marked enhancement in CCL20 mRNA expression in lung homogenates ( Figure 6B ) and an increase in proinflammatory and Th2 cytokines, KC, MIP-1b, and IL-17 in the BAL fluid as compared with their WT control littermates, or CA-IKKb littermates that did not receive Dox (Table 3) . Evaluation of respiratory mechanics demonstrated that CA-IKKb-transgenic mice receiving Dox and subjected to OVA sensitization and challenge (OVA/OVA) displayed increases in the parameter, G, in response to Mch compared with the other experimental groups that also were subjected to OVA/OVA ( Figure 6C) . Parameters Rn and H were not different between the experimental groups subjected to OVA/ OVA (data not shown), suggesting that CA-IKKb expression enhanced AHR in mice with allergic airways disease by promoting narrowing of smaller airways, or by increasing tissue resistance (22) .
Increased Response of CA-IKKb Mice to Allergen Challenge Is Not Due to Mucus Metaplasia
Increased mucus production is considered to be a major cause of airflow obstruction in asthma, and mucus metaplasia is believed to contribute to AHR in mouse models of the disease. Therefore, we evaluated mucus metaplasia in CA-IKKbexpressing mice. Results in Figure 7 demonstrate that no increases in mRNA expression of Muc5AC ( Figure 7A ) or CLCA3 ( Figure 7B ) occurred in lung homogenates of CAIKKb-expressing mice, consistent with the lack of periodic acid Schiff (PAS) reactivity in CA-IKKb mice receiving Dox ( Figure  7C ). In contrast, CA-IKKb-expressing mice subjected to sensitization and challenge with OVA displayed mucus metaplasia based upon PAS reactivity to a comparable extent as transgenic littermate control animals exposed to OVA. These findings suggest that the increases in AHR observed after expression of the CA-IKKb transgene ( Figures 5 and 6C ) occurred independently of mucus metaplasia.
Thickening of Airway Smooth Muscle in CA-IKKb-Expressing Mice
Closer evaluation of parameters of AHR revealed that, in CAIKKb-expressing mice, the time to peak Mch responses occurred faster, and that parameters Rn and G remained elevated ( Figure 5B ), whereas, in other groups, these parameters returned to baseline. These patterns of responsiveness suggest potential alterations in smooth muscle in CA-IKKb-expressing mice. We therefore evaluated airway smooth muscle (ASM) using an antibody directed against a-SMA. Results in Figure 8 demonstrate marked thickening of the smooth muscle layer, and the appearance of muscle bundles in CA-IKKb-transgenic mice that received Dox, whereas no changes in smooth muscle were apparent in the control groups ( Figure 8A ). Blinded scoring of a-SMA immunoreactivity confirmed that thickening of the smooth muscle layer occurred in both the large airways as well as in small bronchioles ( Figure 8B ).
DISCUSSION
The pathogenesis of asthma is characterized by elevated levels of Th2 cytokines, eosinophilic inflammation, mucus metaplasia, and AHR. Recently, a role for airway epithelium in asthma pathogenesis has emerged, and epithelial cells are now considered an integral part of the innate immune system based upon their ability to sense and respond to a diverse array of inhaled stimuli with the activation of signaling pathways that control the production of oxidants, mucus, proinflammatory mediators, and proteins involved in airway remodeling (23) . Previous studies that used transgenic or conditional ablation approaches to specifically inhibit NF-kB in airway or distal epithelium firmly established a causal role for this transcription factor in inflammatory responses to LPS or inhaled antigen (11, 12, 15, 24) . Although inhibition of NF-kB in airway epithelium was sufficient to block the majority of the inflammatory response to antigen, antigen-induced AHR was not attenuated in this model, suggesting that NF-kB activation in airways may control only certain parameters of allergic airway disease (11). Moreover, the aforementioned studies corroborated the importance of NF-kB in the inflammatory process, but did not definitively discern whether NF-kB activation in these cells is sufficient to drive and promote allergic inflammation or AHR. To directly address this issue, we created transgenic mice wherein a CAIKKb was expressed in the airway epithelium, in a Doxinducible manner, in order to activate the canonical pathway of NF-kB in the airway epithelium.
It is of relevance to highlight that Cheng and colleagues (25) recently created a transgenic mouse expressing the same CAIKKb construct in airway epithelium using almost identical strategies. Those investigators reported neutrophilic inflammation, pulmonary edema, and lung injury. Furthermore, chronic expression of the transgene led to mortality (25) . Results from the present study confirm the increased production of proinflammatory mediators, such as MIP-2 and KC, and neutrophilic Eotaxin, G-CSF, GM-CSF, IFN-g, IL-10, -12p40, -12p70, -13, -1a, -1b, -2, -3, -5, -6, and -9, monocyte chemoattractant protein-1, MIP-1a, RANTES, and tumor necrosis factor-a were not different between any of the experimental groups (data not shown). Values presented are means 6 SEM. inflammation that were reported in CA-IKKb-expressing mice (25) . However, in contrast to the previous study, continued presence of Dox for 7 days and Dox feeding up to 1 month did not cause mortality in either line of CA-IKKb-transgenic mice that we generated, suggesting that the levels of IKKb transgene expression that are achieved with the Dox exposure regimen in our study were lower than those reported in the previous study. Alternatively, differences in outcomes may also be due to differences in genetic backgrounds of mice, or the strategies used to create the CA-IKKb-expressing transgenic mice. An intriguing finding of the current study that was not reported previously is that CA-IKKb expression was sufficient to cause increases in AHR in otherwise naive mice. The pattern of the mechanical response to Mch is reminiscent of the response observed in the AJ strain of mice, where AHR is related to increases in ASM cell contraction (26) . CA-IKKb-driven AHR occurred in the absence of marked elevations in Th2 cytokines, eosinophila, or mucus metaplasia. We identified here that CAIKKb expression in airways causes thickening of ASM. These results are of interest for a number of reasons. First, the transgene is expressed in mice in a C57BL\6 background, which is notably resistant to antigen-induced AHR compared with BALB/c mice, which are routinely used to measure antigeninduced AHR (27) . It is therefore possible that CA-IKKbtriggered AHR may be more robust when mice are backcrossed onto the BALB/c background, an endeavor that was beyond the scope of the present study.
Increases in AHR in naive CA-IKKb-transgenic mice, or CA-IKKb-transgenic mice subjected to OVA sensitization and challenge, occurred in association with a substantial presence of neutrophils (Figures 3 and 6 ), whereas we did not observe any eosinophils or changes in eosinophilia in response to antigen in CA-IKKb-expressing mice. In general, eosinophils have been linked to AHR and remodeling (28) , although some controversy exists regarding the exact roles of eosinophils in the disease process (29, 30) . The role of the neutrophil in the pathogenesis of allergic airway disease remains enigmatic. Neutrophils are recovered in the BAL fluid of patients with severe asthma (31) and neutrophilic inflammation in experimental models has, in fact, been linked to AHR. For example, LPS administration, which triggers airway neutrophilia, also induces changes in respiratory mechanics and increases in AHR (32) (33) (34) . Therefore, the marked presence of neutrophils might contribute to increases in AHR in CA-IKKb-expressing mice. Neutrophils are capable of generating a number of mediators, such as reactive oxygen and nitrogen species, matrix metalloproteinases, and elastase, which have been linked to increases in AHR directly, or indirectly after stimulation of ASM cells or airway epithelial cells (35) (36) (37) (38) .
Mucus cell metaplasia is a feature of allergic airway disease that is considered to be a contributing component to airway obstruction and AHR (39, 40) . As is demonstrated in Figure 7 , CA-IKKb-expressing mice did not express increased levels of MUC5AC or CLCA3 mRNA in lung tissue, nor did they display reactivity for PAS. This is in contrast to mice that were immunized and challenged with OVA, which revealed marked reactivity for those parameters. The lack of mucus metaplasia in CA-IKKb-expressing mice is in line with the absence of marked increases in IL-13, the major Th2 cytokine that is linked to mucus metaplasia (41, 42) . However, the lack of mucus metaplasia is surprising in light of previous studies demonstrating that neutrophil elastase induced mucin production and Figure 8 . CA-IKKb expression causes thickening of the airway smooth muscle (ASM) layer. Wild-type (WT) or CA-IKKb-transgenic mice were kept in the absence or doxycycline (Dox) or fed Dox for 1 week, at which time mice were killed, and paraffin-embedded lung sections were prepared for evaluationofa-smooth muscle actin (SMA) reactivity or staining with hematoxylin and eosin for histopathologic evaluation. Red reflects a-SMA reactivity. Slides were evaluated by light microscopy. Original magnification, 3200. (B) Quantification of ASM thickening in CA-IKKbexpressing mice. Images were scored on a scale from 1 to 4 (1 representing the least reactivity, 4 representing the most a-SMA reactivity), according to the methodologies described in METHODS section. Shown are mean scores (1SEM). * P , 0.05, analysis of variance.
hypersecretion in human bronchial epithelial cells (37, 38) and caused mucus metaplasia in mouse lungs (43) . It is plausible that mucus metaplasia occurs in CA-IKKb-expressing mice beyond the timeframe of investigation within the current study, which may contribute to potentially chronic abnormalities in respiratory mechanics, although these possibilities remain to be formally tested.
Perhaps the most striking histopathologic change in lungs of CA-IKKb-expressing mice is the thickening of the smooth muscle layer of large airways, which may be a contributing factor to the intrinsic increases in AHR observed in those mice. These new findings, which demonstrate a functional link between epithelial NF-kB activation to thickness of smooth muscle, are in contrast to a previous study demonstrating that conditional ablation of IKKb in airway epithelium did not affect smooth muscle thickness in response to sensitization and challenge with OVA (12) . This discrepancy may stem from the differences in experimental regimens, which used opposing strategies to evaluate the function of IKKb. Furthermore, the OVA exposure regimen used in previous work might have resulted in production of mediators that masked the effect of epithelial NF-kB on smooth muscle thickness. An aberrant phenotype of ASM cells has been speculated to be sufficient to explain the pathology of asthma (44) (45) (46) , and a role for smooth muscle hypertrophy and hyperplasia in asthma has been suggested (47) . The current study did not investigate whether smooth muscle hypertrophy or proliferation occurred in CAIKKb-expressing mice, nor did we unravel whether the ASM exhibited an activated phenotype. Furthermore, the identity of mediators produced after CA-IKKb expression within the airway epithelium, or intermediary structural or inflammatory cells that are responsible for thickening of the smooth muscle layer, remain to be determined.
In conclusion, we demonstrate here that activation of the canonical NF-kB pathway in airway epithelium is sufficient to drive airway inflammation, characterized by neutrophils and lymphocytes, thickening of the ASM layer, and AHR. Epithelial NF-kB activation also enhanced OVA-induced proinflammatory mediator production and AHR. Together, these findings demonstrate that activation of the canonical NF-kB pathway in airway epithelium, in the absence of other agonists, is sufficient to drive select features associated with human asthma. These findings further highlight the functional significance of changes in epithelial cell homeostasis or activation in chronic inflammatory lung diseases.
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